Cells and extending cell processes translocate by applying traction forces to the substrate (Mitchison and Cramer, 1996) . These forces have been measured in the range of 100 -500 dyn for growth cones (Lamoureux et al., 1989; Heidemann et al., 1990) . Tension generation within motile cells and growth cones appears to involve forces applied to actin filaments by myosin-ATPase (Verkhovsky, 1995; Kelly et al., 1996; Lin et al., 1996) . Forces generated during cell migration and process outgrowth make special energy demands on the cell. We investigated whether the energy requirements of actin-based motility of growth cones are met by specialized enzyme/substrate systems.
Creatine kinases (CK) and arginine kinase (argK) are ATP/ guanidino phosphotransferases that provide ATP by catalyzing the conversion of ADP and phosphorylcreatine or phosphorylarginine to ATP and creatine or arginine (Eppenberger et al., 1967; Blethen and Kaplan, 1968; Morrison, 1973; Bessman, 1985; Wallimann, 1994; Wyss et al., 1995) . Both phosphotransferases belong to a family that is so highly conserved that functional hybrid enzymes can be formed (Reddy and Watts, 1994) . Vertebrates have four CK genes that encode tissue-specific isozymes (Wallimann, 1994; Muhlebach et al., 1996) . Although echinoderms and annelids can express both CK and argK (Thoai and Robin, 1964; Moreland et al., 1967) , only argK has been reported in arthropods (Wallimann and Eppenberger, 1973) . ArgK is represented by a single gene (James and Collier, 1988; Munneke and Collier, 1988) , and the sequence or partial sequence is available from Drosophila (L. B. Hecht, L. M. Scott, and G. E. Collier, GenBank U26939 information, 1995), Limulus (Strong and Ellington, 1995) , lobster (Homarus; Dumas and Camonis, 1993) , shrimp (Panuliris), and abalone (Suzuki and Furukohri, 1994) .
CK and argK are abundant in muscle, where they maintain ATP homeostasis during muscle contraction (Wallimann et al., 1977; Newsholme et al., 1978; Lang et al., 1980; van Deursen et al., 1993) . CK also is heavily expressed in vertebrate brain (Hemmer and Wallimann, 1993; Friedman and Roberts, 1994; Kaldis et al., 1996a) , where it may provide energy for ion pumps, synaptic transmission, and photo transduction and in other energydemanding tissues, including kidney and Torpedo electroplaque (Wallimann and Hemmer, 1994) . Motility of sperm flagellae, which is microtubule-based, is mediated by high levels of CK or argK (Tombes and Shapiro, 1985; Tombes et al., 1988; Strong and Ellington, 1993) . During cell division, microtubule motors driving spindle elongation in anaphase require ATP, which appears to be provided by CK (Koons et al., 1982; Cande, 1983) . Although the role of phosphotransferases in actin-based cell motility has not been determined, CK is colocalized with F-actin stress fibers in PtK 1 cells (Koons et al., 1982) . In intestinal epithelial cells it also appears to support the ATP-dependent actin/myosin-based contractions of the circumferential ring underlying microvilli (Gordon and Keller, 1992) .
CK can be positioned subcellularly (Manos and Bryan, 1993) , and different isozymes can be confined to specific cell regions (Kaldis et al., 1996b) . Subcellular localization mechanisms in-clude membrane anchoring (Quest et al., 1992) , tethering to nonsoluble proteins (Wallimann et al., 1977; Lang et al., 1980) , and physically restricted mobility of soluble enzyme (Wegmann et al., 1992) . CK is a phosphoprotein for which the activity can be regulated by phosphorylation (Mahadevan et al., 1984; Quest et al., 1990; Hemmer et al., 1995) . Consequently, CK , and probably argK , can be controlled by at least three mechanisms: selective expression, subcellular positioning, and phosphorylation.
To investigate the role and control of argK in growth cone motility, we used in situ hybridization to determine the expression pattern during neurogenesis and axonogenesis in vivo, and we used immunocytochemistry to characterize protein localization in vivo and in dissociated cells in vitro.
MATERIALS AND METHODS
cDNA and R NA anal ysis. Grasshopper (Schistocerca americana) argK cDNA was identified via a kinase screen, using a 40% grasshopper nerve cord cDNA library that was kindly provided by Dr. Michael Bastiani (University of Utah, Salt Lake C ity, UT). ArgK cDNA was subcloned into plasmids according to the manufacturer's directions (Stratagene, La Jolla, CA) and sequenced with Sequenase reagents (United States Biochemical, C leveland, OH). Sequence data were analyzed with LaserGene software (DNASTAR, Madison, W I). The BL AST programs (Altschul et al., 1990) were used for homology searches of the GenBank and Swissport databases.
Total RNA was isolated from different stages of embryos, using the method of Chomczynski and Sacchi (1987) . Per lane, 20 g of RNA was electrophoresed through a 6% formaldehyde/1% agarose gel and transferred to a GeneScreen Plus filter (DuPont N EN, Boston, M A). The filter was hybridized to 32 P-labeled argK cDNA, using Church hybridization conditions (Church and Gilbert, 1984) , and was exposed to Kodak X AR-5 film (Rochester, N Y) with an intensif ying film.
For whole-mount in situ hybridization, 35% stage embryos were processed according to Z achow and Bentley (1996) . Both sense and antisense in situ hybridization probes were made from a f ull-length cDNA (2.4 kb). From the f ull-length transcript a pool of shorter probes in the range of 300 bases was prepared by chemical cleavage.
Protein anal ysis. Different stages of S. americana were dissected and homogenized in sample buffer (50 mM Tris-HC l, pH 6.8, 0.02% bromophenol blue, 1% SDS, 1% ␤-mercaptoethanol, and 8% glycerol). Protein samples were separated by 10% SDS-PAGE and transferred to nitrocellulose. The filter was stained first with Ponceau S (Sigma, St. L ouis, MO) to detect molecular weight markers. The filter was blocked with PBT/ BS (150 mM NaC l, 200 mM Na 2 HPO 4 , 10% bovine serum, and 0.05% Triton X-100) for 30 min, incubated with a 1:100 dilution of anti-argK antibody (kindly provided by Dr. W. Ross Ellington, Florida State University, Tallahassee, FL) in PBT/ BS for 1 hr, washed three times for 10 min each with PBT/ BS, and incubated with a 1:1000 dilution of goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP; Jackson ImmunoResearch Laboratories, West Grove, PA) in PBT/ BS for 1 hr. The filter was washed with PBT three times, equilibrated with 50 mM Tris-HC l, pH 7.5, and developed with fresh DAB solution (0.05% 3,3Ј diaminobenzidine tetrahydrochloride, 0.015% H 2 O 2 , and 50 mM Tris-HC l, pH 7.5). We affinity-purified anti-argK polyclonal antibody according to Harlow and Lane (1988) .
Enz yme anal ysis. Manipulations were based on Manchenko (1994) , with modifications. Different stages of S. americana were dissected and homogenized with 20 l of grinding solution (10% sucrose, 1% Triton X-100, 1 mM Tris-citrate, pH 7.1, and 0.1% bromophenol blue) on ice to preserve enzymatic activity. After centrif ugation for 3 min at 16,000 rpm at 4°C, equal aliquots of the supernatant were loaded and electrophoresed at 4°C on a 5% acrylamide nondenaturing gel in 1,1,2,2-tetrabromoethane (TBE) buffer, pH 8.9, until bromophenol blue reached the bottom of the gel. After electrophoresis, the gel was cut in half. One-half of the gel was incubated in a staining solution (10 mg of phospho-L-arginine, 900 mg of glucose, 900 mg of fructose, 5 mM MgC l 2 , 50 mg of ADP, 20 mg of NADP ϩ , 140 U of hexokinase, 40 U of glucose-6-dehydrogenase, 20 mg of nitroblue tetrazolium, and 0.1 M TBE, pH 7.4; all chemicals are from Sigma, St. L ouis, MO) that contained substrates for argK enzymatic activity. Because adenylate kinase also uses the same substrates (glucose, fructose, and cofactors) as argK , the other one-half of the gel was assayed solely for adenylate kinase (everything in the staining solution minus phospho-L-arginine, the substrate for argK). The gels were incubated in staining solution for 30 min at 37°C and developed by adding 4 mg of Phenazine methosulfate. The reaction was stopped by rinsing the gels with several changes of H 2 O. Under such electrophoresis and staining conditions, adenylate kinase is inactive (data not shown). Only argK enzymatic activity appeared on the gel (see Fig. 2C ). The gels were fixed with gel fixative (glacial acetic acid /methanol / H 2 O 1:5:9) for 10 min, rinsed with H 2 O, air-dried overnight between two sheets of Gelwrap (BioDesign, C armel, N Y), and scanned.
Embr yo immunoc ytochemistr y. All manipulations were performed according to Z achow and Bentley, 1996. Embryos were dissected in grasshopper saline [containing (in mM) 140 NaC l, 5 KC l, 4 C aC l 2 ⅐2 H 2 O, 2 MgSO 4 ⅐7 H 2 O, 2 TES, and 60 sucrose, pH 7.2] and fixed for 45 min in 3.7% formaldehyde in PEM (100 mM PI PES, 2 mM EGTA, and 1 mM MgSO 4 , pH 6.9). After three rinses with PBS (150 mM NaC l and 20 mM Na 2 HPO 4 , pH 7.2) and permeabilization with PBT (PBS with 0.5% BSA and 0.5% Triton X-100) for 5 min, the embryos were incubated in a 1:50 dilution of affinity-purified anti-argK antibody diluted in PBT overnight at 4°C. After three PBT washes for 10 min each, the embryos were incubated in a 1:1000 dilution of goat anti-rabbit IgG conjugated with HRP (Jackson ImmunoResearch) for 4 hr at room temperature. After three PBT washes for 10 min each, the embryos were developed with fresh DAB solution (with Ni enhancement), cleared in glycerol, mounted in Hanker-Yates medium, and examined on a Nikon DIC microscope. For epifluorescence, the embryos were labeled with a 1:1000 dilution of donkey anti-rabbit IgG conjugated with C y3 (Jackson ImmunoResearch), mounted in Vectashield (Vector Labs, Burlingame, CA), and examined on a Nikon epifluorescence microscope (Tokyo, Japan) or a Bio-Rad 1024 confocal microscope (Richmond, CA).
Cell culture and immunoc ytochemistr y. For cell culture, eggs with 50% embryos were sterilized in 0.2% benzethonium chloride for 3 min. Three thoracic ganglia per embryo were dissected, rinsed in sterile Leibovitz's L -15 medium (Life Technologies, Grand Island, N Y), and incubated in 200 l of enzyme solution (2 mg /ml collagenase dispase, 0.5% ficin, and 2 mg /ml papain, in L -15) for 1 hr at 31°C. After five changes of L -15 (200 l each), a final volume of 30 l of L -15 was added to the ganglia. The ganglia were triturated 50 times at a 20 l setting with a P20 Pipetman that was fitted with a BSA-coated gel-loading tip "Gel Saver II" (USA / Scientific Plastics, Ocala, FL). Dissociated cells were plated in the center of Falcon 3001 dishes (Becton Dickinson Labware, Lincoln Park, NJ) that were prefilled with 2 ml of L -15 (one ganglion per plate for optimum cell density). The dishes sat for 20 min to allow the cells to settle to the bottom. Then the dishes were wrapped with Parafilm and incubated at 31°C for 22-44 hr.
For substrate coating, five independent drops (1 l per drop) of substrate solution (1.5 mg /ml FI TC -conjugated goat anti-HRP antibody and 30 mg /ml FI TC -conjugated dextran in L -15) were plated on Falcon 3001 dishes and allowed to air dry. L -15 (2 ml) was added to the dishes, and the dissociated cells were plated.
For double-labeling for argK and F-actin (see Fig. 6C ,D), we followed the fixation protocol of Welnhofer et al. (1997) . Rhodamine phalloidin (1 g /ml; Molecular Probes, Eugene, OR) was used to label F-actin. AntiargK antibody was used at a 1:200 dilution. A 1:500 dilution of FI TCconjugated anti-rabbit IgG antibody was used.
For double-labeling for argK and neuron membrane (see Figs. 7, 8, 9B, C, 10) , plated cells were fixed in 3.7% formaldehyde in PEM for 20 min, washed in PBS three times for 5 min each, and blocked in PBS/0.2% BSA for 30 min. To label the membrane, we incubated cells with a 1:500 dilution of goat anti-HRP antibody (Jackson ImmunoResearch) in PBS for 1 hr, incubated them with a 1:500 dilution of either C y5-or FI TCconjugated donkey anti-goat IgG antibody for 1 hr, and washed them in PBS three times for 5 min each. Next, they were permeabilized with PBS/0.02% saponin for 5 min, washed in PBS, incubated with affinitypurified rabbit anti-argK polyclonal antibody (see below for concentration) in PBS, washed with PBS three times for 5 min each, incubated with a 1:500 dilution of C y3-conjugated donkey anti-rabbit IgG antibody for 1 hr, rinsed in PBS, cleared in glycerol, and mounted with Vectashield. Three concentrations of anti-argK antibody were used. For highest sensitivity to examine argK in filopodia (see Fig. 7 ), we used a 1:10 dilution; for medium sensitivity to reveal differences in argK concentration among filopodia (see Fig. 10 ), we used 1:100; for low sensitivity to reveal differences in argK concentration between growth cones (see Fig. 8 ), we used a 1:200 dilution. The cells were imaged with a Bio-Rad 1024 Strong and Ellington, 1995) , lobster (Homarus vulgaris; Dumas and Camonis, 1993) , abalone (Nordotis madak a; Suzuki and Furukohri, 1994) , and CK amino acid sequences of human MiCK (Haas et al., 1989) , BCK (Mariman et al., 1989) , and MCK (Perryman et al., 1986) . B, Phylogenetic tree of argK and CK , using the CLUSTAL method from LaserGene software (Higgens and Sharp, 1988) . The numbers represent the percentage of divergence. Grasshopper and fly are 16% (8 ϩ 8) dissimilar, i.e., 84% homologous.
Confocal microscope and printed with Adobe Photoshop (Adobe Systems, Mountain View, CA).
We evaluated the relative concentration of argK in different growth cones from the same cell as follows: C NS cells were dissociated, plated, cultured 22 or 44 hr, and double-labeled with anti-argK and either phalloidin or anti-HRP antibody. In each of four dishes (two at 22 hr; two at 44 hr), the first 30 multipolar neurons were scored that had two to four cylindrical axons at least one cell diameter in length, that were tipped by a growth cone, and in which the axons did not differ in length by more than a factor of two. C ells were rated as meeting acceptance criteria before argK labeling was viewed. C ells were scored as positive if argK labeling in one growth cone appeared at least twice as bright as that in another growth cone of the same cell. Brightness was estimated by eye, after making unsaturated confocal images of several sample cells and measuring growth cone brightness with National Institutes of Health Image morphometrics. By these criteria, 51 of 117 scored neurons (44%) had different concentrations of argK in their growth cones.
RESULTS

Cloning and sequence analysis of grasshopper argK
Grasshopper argK was cloned by screening a grasshopper nerve cord cDNA library (kindly provided by M. Bastiani) for kinase consensus sequences. From M. Bastiani's 40% nerve cord cDNA library, we isolated 20 putative clones. One cDNA showed sequence similarity to argK . We cloned and sequenced overlapping cDNAs to obtain the f ull transcript of this cDNA. The transcript was 2030 bp in length. The clone extending farthest 5Ј contained 84 untranslated bp 5Ј of the ATG codon. It was followed by an open reading frame of 1071 bp, ending at termination codon TAA. The coding region was followed by a 875 bp 3Ј-untranslated region that included a putative polyadenylation signal (AATAAA) 11 bp upstream of a poly(A ϩ ) tail. The cDNA deduced protein sequence was 356 amino acids long ( Fig. 1 A) with a calculated molecular weight of 40,018 Da. Sequence similarity identifies this transcript as grasshopper argK (GenBank accession number U77580). It contains the signature sequence pattern of ATP-guanidino kinase: "C -P -(S/ T)-N-(I/L)-G-T" (Bairoch, 1991) , with the reactive cysteine at residue 271.
Sequence comparison with other argKs and CK
Available argK sequences and three representative forms of CK sequences were aligned by using the CLUSTAL method of LaserGene software (Higgens and Sharp, 1988) . Grasshopper argK displays extensive homology to both argK s and CK (black boxes in Fig. 1 A) . It shares 82% positional identity to Drosophila argK. A phylogenetic tree was constructed from the eight ATPguanidino phosphotransferase sequences shown in Figure 1 A.
The phylogenetic tree indicates that there are major clusters corresponding to CK and argK ( Fig. 1 B) . Abalone argK does not belong to either cluster. Within the argK cluster, grasshopper is more similar to Drosophila than to lobster or horseshoe crab. The data indicate that grasshopper argK belongs to the evolutionarily conserved family of ATP-guanidino phosphotransferases.
RNA, protein, and enzyme analysis
Northern blot analysis of grasshopper argK revealed a single ϳ2.4 kb transcript expressed from at least the 30 -100% stages of embryogenesis (Fig. 2 A) . This occurred in two distinct phases, an early phase of relatively low expression (30, 40, and 50% in Fig.  2 A; in whole embryo assays) and a second phase of upregulation that appeared to be associated with muscle maturation (70% in Fig. 2 A) .
A polyclonal antibody generated against Limulus argK (Strong and Ellington, 1993) enabled us to do a Western blot analysis of expression throughout grasshopper embryogenesis (Fig. 2 B) . This antibody recognizes grasshopper argK, which is shown to be a single tight band of similar molecular weight (40 kDa) to Limulus argK (41,000 Ϯ 210 Da) (Strong and Ellington, 1993) . This result indicates that there is only one form of grasshopper argK, and the active form is a monomer. In early embryogenesis (32% in Fig. 2 B) , grasshopper argK is expressed at low levels. By 55%, argK is expressed at higher levels; the CNS has more argK than the limb (55% in Fig. 2 B) . ArgK is expressed throughout embryonic development and is abundant in adult CNS and muscle (Fig. 2 B) .
We assayed grasshopper embryo lysates in native gels for enzymatic activity of argK (Fig. 2C ). An argK-specific substrate/ product reaction revealed active enzyme at all embryonic stages in which protein was present, as well as in adult CNS and muscle. The level of activity was similar in grasshopper, Drosophila, and Aedes (mosquito). On the basis of motility of the enzyme in the gel, we did not see evidence for isozymes or other alleles. This result suggests that there may not be separate cytoplasmic and mitochondrial forms of argK in grasshopper.
ArgK expression in muscle pioneer cells
Muscle pioneers comprise a specialized subclass of mesodermal cells that are founder cells for embryonic and larval muscles (Ho et al., 1983; Ball et al., 1985) . They differentiate at the sites of origin of muscles, extend processes to the insertion sites of muscles, and form a scaffold on which myoblasts later accrue. Figure 2 . A, Northern analysis of argK mRNA in different stages of grasshopper embryogenesis detects a single transcript of ϳ2.4 kb. There is a gradual increase in the amount of transcript in 30, 40, and 50% stage embryos. In 70% stage embryos, argK is transcribed at a high level, probably because of muscle maturation. In each lane, 20 g of total RNA was loaded. The blot was probed with 32 P-labeled grasshopper argK cDNA. RNA size standards are in kilobases. B, Immunoblotting with Limulus anti-argK polyclonal antibody shows grasshopper argK is ϳ40 KDa, and there is only one form (the faster migrating band in 100% embryo is likely a degradation product). Equal amounts of total protein were loaded in each lane. There is an increase of argK expression from 32 to 55% and 100% stage total embryo. Within 55% stage embryos, with the same amount of total protein loaded, there is more argK in the C NS than in the limb. In the adult, more argK is detected in the muscle than in CNS ganglia. Protein size standards are in kilodaltons. C, Enzymatic activity of grasshopper argK is present in different tissues and in different stages of development. Equal amounts of total protein were loaded in each lane. Grasshopper argK migrated to the same distance as that of Aedes (mosquito) but faster than Drosophila argK. Within grasshopper, an abrupt increase in enzyme activity was observed after the 55% stage, concomitant with the maturation of muscle.
Muscle pioneer cells have distinctively high levels of argK expression. In specific muscle pioneers, such as the retractor unguis pioneers (Fig. 3A-C,E) , expression begins early in the differentiation of the cell. Antibody labeling is detectable as soon as the cell begins to elongate and is heavy before process extension begins (Fig. 3A) . When process extension commences, in situ hybridization shows argK mRNA throughout the cytoplasm (Fig. 3B ). Strong expression is maintained while the muscle pioneer growth cones migrate to the point of muscle insertion (Fig. 3C) and also while the cells shorten (Fig. 3E) , concomitant with the epithelial invagination that will form the retractor unguis apodeme.
All muscle pioneers appear to express high levels of argK (Fig.  3D) . They continue to express through the stage of myoblast adhesion (Fig. 3F ) , which precedes the onset of strong expression in contractile muscles. Notably, the muscle pioneers are the only mesodermal or ectodermal cells in limb bud that do express argK, at level that we could detect with antibodies or with in situ hybridization, during the first half of embryogenesis. This highly selective expression pattern suggests that argK plays a specific role in muscle pioneers.
ArgK expression in neuroblasts
During generation of the grasshopper C NS, stem cells called neuroblasts differentiate from the ventral neuroectoderm (Bate, 1981; Doe and Goodman, 1985) . They undergo repeated rounds of mitosis to generate ganglion mother cells, which divide once to produce neurons. Each body segment has a specific set of individually identifiable neuroblasts.
Neuroblasts strongly express argK. In fact, the most striking feature of argK immunocytochemistry is the intense strip of neuroblast labeling along the ventral midline of the embryo (Fig.  4 A) . In situ hybridization (Fig. 4 B) and antibody labeling (Fig.  4C) indicate that all neuroblasts express argK to some degree. At any particular stage of embryogenesis, there is considerable variation in the amount of argK protein present in different neuroblasts. The pattern of these variations between specific neuroblasts is repeated in adjacent segments (Fig. 4C) . Similar patterns are seen in different embryos at the same stage, at least for the most distinctive neuroblasts.
As neuroblasts differentiate, they delaminate from the ventral surface of the embryo and enter a subepidermal layer. The distinctive expression of argK begins early in the differentiation of neuroblasts and can be seen in cells that have not yet fully delaminated and still have a process that is retracting from the ventral surface (Fig. 4 D) . Neuroblasts continue to express argK throughout the cell cycle. In mitosis, argK is excluded from the region occupied by the chromosomes but is present in the spindle and elsewhere in the cytoplasm (Fig. 4 E) . Ganglion mother cells, the initial progeny of neuroblasts, also express argK (Fig. 4 D, above neuroblast).
ArgK expression in CNS neurons in situ
Embryonic CNS neurons strongly express argK. During the period of process outgrowth, heavy labeling by argK antibodies is seen in the developing ganglionic cortex, neuropil, commissures, and connectives (Fig. 5A) . Most cell bodies and most axons are labeled. In contrast, in situ hybridization labeling is much more intense in the neuropil region, commissures, and connectives and is considerably lighter in the surrounding ganglionic cortex containing the neuronal cell bodies (Fig. 5B) . No labeling was seen with the pool of sense probes (data not shown). This indicates that argK mRNA is present throughout the cells processes and at higher concentrations than in the perinuclear region.
Growth cones in the C NS (Fig. 5C ) and motor neuron growth cones in the periphery (Fig. 5D ) are labeled with argK antibody, and labeling also can be seen in filopodia. In some cases, labeling appears stronger in the growth cone than in the adjacent axon (Fig. 5D ). This disposition corresponds well with labeling in vitro (see below).
As with the muscle pioneer expression, it is striking how strong the C NS argK labeling is when compared with the absence of argK in surrounding non-C NS cells (Fig. 4 A) . It is particularly notable that argK is not expressed in the cell bodies, axons, or growth cones of the peripheral sensory neurons in vivo or in vitro (data not shown).
ArgK expression in CNS glial cells in vitro
In vitro cultures of dissociated C NS embryonic ganglia comprise neurons, which are positive for anti-HRP antibody labeling, and glia, which are negative for anti-HRP. Glial cells are abundant in these cultures. They typically have large nuclei, flattened cytoplasm, and approximately ovoid shape, with relatively short, broad protrusions. Many are motile and, when migrating, are elongate with microspikes on the leading edge and retraction fibers on the trailing edge.
In fixed cultures labeled with anti-argK antibodies, most CNS glial cells are seen to strongly express argK (Fig. 6 ). Thus the intense CNS labeling seen in vivo likely comprises both neural and glial expression. The brightest labeling is perinuclear (Fig.  6 A) , but the central cytoplasm in general is well labeled. Labeling intensity is low in fringing lamellae, except at the edge.
Because these motile cells translocate by lamellipodia, we examined argK localization at the leading edges of cells with motile and nonmotile morphology. Nonmotile appearing cells were more rounded, with protrusive lamellae at various points around the cell circumference (Fig. 6 A) . ArgK labeled brightly in leading edges and microspikes of these protrusions (Fig. 6 A) . By contrast, argK concentration was relatively low in retracted areas of the cell perimeter (Fig. 6 A) . Thus a higher concentration of argK in the perimeter region was associated with protrusive morphology.
In elongated glia with motile morphology (Fig. 6 B) , argK was absent from the trailing edge and was highly concentrated in a narrow band that spanned the leading edge. It also was present in microspikes along the leading edge. Thus there was a clear association of argK concentration with the traction force-generating region of the cell.
In a variety of motile fibroblastic cells, F-actin is concentrated in a narrow band at the edge of the leading lamellipodium. In CNS glial protrusions double-labeled for F-actin and argK, there Figure 4 . ArgK expression in C NS neuroblasts in situ. A, ArgK protein is abundant throughout the length of the neuroblast plate; labeling is not detected in the epithelium (antibody label; 33% stage). B, In situ hybridization confirms the presence of argK mRNA in neuroblasts and not in the adjacent epithelium (black bars, border between neuromeres). C, There is a stage-specific pattern of intensity of argK expression in specific neuroblasts. This pattern is iterated segmentally. For example, at the 33% stage, neuroblast 7-1 (black arrows) expresses more intensely than neuroblast 7-2 (white arrows). D, ArgK is strongly expressed early in the differentiation of neuroblasts. In this cross section, a neuroblast (black arrow) expresses argK before it has rounded up at the inner surface of the neuroblast plate (ventral surface at the bottom of the section; white arrows, two neuroblasts rounded up at the inner surface). E, In dividing neuroblasts argK is present in the spindle (black arrow) and excluded from the chromosomes (white arrow). was a close spatial correspondence between F-actin and argK localization (Fig. 6C ). Both were concentrated in a band at the leading edge, and at different locations along the band there was a tight correlation between the width of the F-actin and argK label.
ArgK localization during CNS neuron axonogenesis in vitro
CNS neurons dissociated from 50% stage ganglia initiate axonogenesis in vitro and extend lengthy processes. In growing neurons, argK protein is present in the cell body, along the whole length of the axon, and in the growth cone (Fig. 7A) . This corresponds well with observations in situ (Fig. 5A,C) .
Grasshopper growth cones in vivo and in vitro have numerous filopodia that extend 20 -30 m. In neurons double-labeled with antibodies that bind the extracellular domain of membrane proteins (anti-HRP; Snow et al., 1987) and with anti-argK antibodies, argK protein is seen to occur along the length of filopodia and to extend all the way to the tip (Fig. 7B) .
Whereas labeling with a higher concentration of anti-argK antibody revealed the presence of argK protein throughout the cell, labeling with a lower concentration could expose intracellular differences in argK protein concentration (Fig. 8) . In many neurons, labeling was relatively uniform along the length of the axon, and axonal labeling was dimmer than labeling in growth cones (Fig. 8 A-D) . z-Axis sampling showed that the axons and growth cones were of similar thickness (cell bodies were much thicker) so that argK often was more concentrated in the growth cone than in the adjacent axon. In other cases labeling in the growth cone was similar in intensity to that in the axon (Fig. 8) . These growth cones may have been quiescent or retracting.
Many dissociated CNS neurons are multipolar or, if monopolar, have bifurcated axons. Thus a single cell can have multiple growth cones. An unexpected result was that, in neurons with multiple growth cones, there often were substantial differences in argK labeling intensity in different growth cones (Fig. 8) . This pattern was common. In a scored set (see Materials and Methods) of 117 neurons with multiple growth cones, 44% had differentially labeled growth cones. The growth cones with brighter labeling were not distinguished morphologically by being larger in area or by having longer axons or by having more numerous or longer filopodia (Fig. 8) . These results show that neurons are able to concentrate argK in growth cones locally and, more surprisingly, can concentrate it selectively in different growth cones.
The level of concentration of argK in growth cones may be associated with the rate of growth cone migration and/or the amount of traction force being generated. We evaluated this possibility by examining multiple growth cones from the same neuron on different substrates. These neurons extend processes on Falcon 3001 plastic dishes (Figs. 7, 8 ). However, they prefer a substrate coated with anti-HRP antibodies (which bind the extracellular domains of a variety of membrane proteins; Snow et al., 1987) . When given a choice, they extend axons as well as more numerous and longer filopodia on the preferred substrate (Fig.  9A ). In dishes with domains of each of these substrates, neurons were found that satisfied the criteria of straddling the boundary and extending multiple growth cones, at least one of which was on each substrate. We observed several such cases in which processes extended on the preferred substrate had brighter argK labeling (Fig. 9B,C) and no cases in which growth cones on the lesspreferred substrate had brighter label.
Another situation in which different growth cones of the same neuron can interact with different substrates in vitro is encounters with the surfaces of other cells. In cultures of grasshopper neurons, neuronal surfaces often are a favorable substrate for growth cones (Condic et al., 1989) . We scanned cultures of dissociated ganglia for instances in which one growth cone of a multipolar neuron was undergoing a positive interaction with the surface of another neuron. Positive interactions are indicated by (1) filopodial contact, (2) by filopodia that are straight between their growth cone and the point of contact, suggesting that they are under tension, and (3) by thickening or dilation of growth cone Figure 6 . ArgK localization in lamellae of C NS glial cells in culture. A, In a cell with nonmotile morphology, argK is concentrated in protrusive lamellae (between white arrows) and is reduced or absent in retracted regions (between unfilled arrows) of the cell perimeter. B, ArgK is concentrated at the leading edge (between white arrows) and is absent from the trailing edge (between unfilled arrows) of an elongated (motile) cell. C, F-actin (phalloidin label, lef t) and argK (antibody label, right) are colocalized in a narrow band (between arrows) along a glial cell lamella. Scale bars: A, B, 5 m; C, 1 m. Figure 7 . Top. ArgK extends to the tips of filopodia at the leading edges of neuronal growth cones. A, A C NS neuron in culture is identified by anti-HRP antibodies ( green), which label a set of membrane proteins, and also is labeled with anti-argK antibody (red). The two images are offset horizontally by a few pixels to show that the red label (white arrow) extends to the tips of filopodia. Note the absence of red label in the membrane tracks (unfilled arrow) of retracted filopodia and the absence of green label in the neuron soma and in processes of a glial cell (top of panel) . B, Enlargement of the leading filopodia from A. Scale bar, 10 m. branches leading to the contact region (O'Connor et al., 1990) . Of nine cells observed with this configuration, six did not have differential labeling of argK in their growth cones and may have been quiescent. The other three cells did have differential labeling, and in each of these cases the growth cone with the high concentration of argK was the growth cone in contact with the other cell (Fig. 10) . The cell shown in Figure 10 , A and B, has three robust growth cones. Each is approximately the same distance from the cell body, has approximately the same surface area, and has approximately the same number of filopodia. One growth cone has made contact with an adjacent cell, and the contacting filopodium has dilated substantially (Fig. 10 B) , suggesting that the cell is beginning to extend toward the contact zone. Imaging for argK antibody labeling shows just detectable argK label in the two growth cones extending on plastic and bright labeling in the growth cone making the contact. A similar result in seen in Figure 10 , C and D, where the growth cone making contact is one of four growth cones and is the only one with a high level of argK label.
Because argK can be concentrated differentially in different growth cones, it is possible that it also could be concentrated differentially among filopodia, even those extending from the same growth cone. In growth cones migrating on a uniform substrate, such differences were not evident (Fig. 7B) . However, in growth cones contacting other cells, different filopodia could have substantially different levels of argK labeling. Several lengthy filopodia (Fig. 10 E) extend from the growth cone in Figure 10 D contacting another cell. In some of these, argK is barely detectable (Fig. 10 F) , whereas others label brightly. The brightly labeled filopodia either are in contact with the other cell or extend from the growth cone branch from which the contacting filopodium is protruded. . Bottom. ArgK can be more concentrated in a growth cone extending on a preferred substrate. A, A neuron (labeled with anti-HRP) at the border between tissue culture plastic (below triangle) and plastic coated with anti-HRP antibodies (mixed with FI TC -dextran) extends a longer growth cone with more filopodia (white arrow) on the coated substrate and a shorter growth cone with few filopodia (black arrow) on the uncoated substrate. More filopodia also extend directly from the cell body onto the coated substrate than onto the uncoated substrate. B/C, A neuron double-labeled with anti-argK antibodies (B; red channel in C) and anti-HRP antibodies ( green channel in C) at the border between uncoated substrate (below triangles) and substrate coated with anti-HRP antibodies (FI TC -dextran, blue channel in C). The neuron extends a large growth cone (white arrows) with many filopodia onto the coated substrate and two small growth cones (black arrows) with few filopodia onto the uncoated substrate. ArgK ( B) is found predominantly in the large growth cone that appears to be extending more actively on the coated substrate. Scale bars, 10 m. Figure 10 . ArgK can be more concentrated in a growth cone engaged in an attractive interaction with another neuron and can be restricted to a subset of filopodia. A, B, In a mixed CNS culture, neurons often extend growth cones along each other's processes. Here, a multipolar neuron (left) has a thickened branch (double arrowheads) and filopodia (arrow) in contact with another neuron (right). The branch is extended from one growth cone (white arrowhead), whereas two other growth cones (black arrowheads) migrate in other directions. Viewed with a membrane label (A, anti-HRP antibodies), the three growth cones are similar in size, distance from the cell body, and number of filopodia. Antibody labeling ( B) shows a higher concentration of argK in the growth cone (white arrowhead) extending toward the other cell. C, D, A second similar neuron again has a higher level of argK ( D) in the growth cone (C, D, white arrowheads) making contact (C, arrow) with another neuron than in three other growth cones (C, D, black arrowheads) . E, F, An enlargement (box in C) of the growth cone contacting the other neuron. Although all filopodia appear similar with membrane label (E, anti-HRP antibodies), the level of argK ( F) is high in some filopodia (white arrowheads) and much lower in others (black arrowheads). The filopodia with a relatively high level of argK are mediating, or are close to, the contact with the other cell. A thickened branch (E, F, double arrowheads) extending from the growth cone along the line of contact to the other cell also is heavily labeled for argK . Scale bars, 10 m.
DISCUSSION
We investigated expression and distribution of the guanidino phosphotransferase, argK , during grasshopper embryogenesis. We have two main findings. First, the presence, concentration, and localization of argK are highly controlled. ArgK is expressed only in a small percentage of cells of the embryo. In those cells it is localized in certain subcellular domains, and its concentration can vary greatly between different domains of the same type. Second, a new f unction with which argK appears to be strongly associated is actin-based motility. It is colocalized with F-actin in leading lamellae of motile glia. In neurons it is concentrated in growth cones and filopodia, is differentially expressed in different growth cones of the same neuron, and appears to be more concentrated in more active growth cones.
Grasshopper argK is a 356 amino acid protein with 82% positional identity to Drosophila argK (Fig. 1) . Its calculated molecular weight of 40,018 Da corresponds well with the band position observed on Western blots (Fig. 2 B) . Northern analysis reveals a single transcript of 2.4 kb (Fig. 2 A) . With the single enzymatically active band in native gels (Fig. 2C) , this suggests that, like other arthropods (James and Collier, 1988; Munneke and Collier, 1988) , grasshoppers have a single argK gene and isoform.
Northern and Western analyses indicate that grasshopper argK is expressed in two phases during embryogenesis. During the first half of embryogenesis, it is expressed at low but steadily increasing levels, first detectable by our methods at the ϳ30% stage. After the onset of striated muscle maturation in the second half of embryogenesis, it is much more heavily expressed. Antibody and in situ hybridization labeling of embryos show that during the first half of embryogenesis it is expressed in a select group of cells comprising muscle pioneers, dorsal closure cells, neuroblasts, glia, and neurons.
ArgK expression is an early and sustained marker of neuroblast differentiation (Fig. 4) . A possible reason for this selective expression is the energy demands of microtubule dynamics during mitosis. Neuroblasts undergo many rounds of cell division throughout much of embryogenesis (Bate, 1981; Doe and Goodman, 1985) . Creatine kinase and /or argK are required for the microtubule-based motility of sperm (Tombes and Shapiro, 1985; Tombes et al., 1988; Strong and Ellington, 1993) . During cell division mitotic spindle lengthening in anaphase also is driven by microtubule motors, and creatine kinase supports the special ATP demands of this process (Koons et al., 1982; Cande, 1983) . ArgK might play a similar role in neuroblast division.
E xcept for neuroblasts and their daughter cells (ganglion mother cells), the other cell types that strongly express argK have in common a special cell motility or tension generation function. Dorsal closure cells (data not shown) migrate across the dorsal surface of the embryo to complete the formation of the body wall. As in other closure or "wound-healing" type cells, they are likely to be under tension. Muscle pioneers generate a growth cone that can migrate a considerable distance through the embryo to the site of muscle insertion (Fig. 5B) . For some muscles this step is followed by invagination of a long tube of ectoderm (Fig. 5E ) to form the apodeme on which individual muscle fibers later insert. If this morphogenetic movement requires tension generated by the muscle pioneer cell, then muscle pioneers would have two special actin-based ATP requirements: growth cone migration and intracellular tension generation. These requirements could underlie the high level of argK expressed by this cell class.
Mammalian C NS glia strongly express creatine kinase (Manos and Edmond, 1992; Molloy et al., 1992) , and grasshopper CNS glia also have a high level of guanidino phosphotransferase (argK) expression (Fig. 6) . In glial cells in vitro, argK is abundant in the perinuclear and central cytoplasm, is generally sparse in lamellar regions, but is highly concentrated in a narrow band along the perimeter of lamellae and in microspikes. On the same cell it is prominent in protrusive lamellae (Fig. 6 A) and in leading lamellae of cells with motile morphology (Fig. 6 B) and is much reduced in retracted lamellae and in trailing edges of motile cells. Leading or protrusive lamellae have a narrow perimeter band of F-actin of varying width (Fig. 6C ). In these perimeter bands argK is highly concentrated, and its location is tightly correlated with the location of F-actin. These relationships suggest that argK is providing ATP for the actin/nonmuscle myosin system that generates traction force in these motile cells.
In migrating neuronal growth cones, translocation also is driven by actin/nonmuscle myosin force generation in leading lamellae and in filopodia (Lin et al., 1996) . ArgK is present throughout neurons undergoing axonogenesis in vivo (Fig. 5 ) and in vitro (Fig. 7) . It extends to the tips of most filopodia (Fig. 7B) . Its presence in filopodia, which mostly comprise tightly packed actin filaments (Bridgman and Dailey, 1989) and which lack mitochondria and microtubules, suggests a role in ATP generation for F-actin force production. This supposition is supported by the relatively high concentration of argK specifically in filopodia that are in contact with other cells and which appear to be applying tension to those cells (Fig. 10 F) .
Labeling with lower levels of antibody indicates that argK is not distributed uniformly in growing neurons and often is highly concentrated in growth cones (Figs. 8 -10 ). Growth cones provide the traction forces required for axon elongation (Lamoureux et al., 1989; Heidemann et al., 1990) , and these forces appear to be generated at least in part by actin/myosin (Lin et al., 1996) . The high level of argK found in growth cones may supply ATP for this process. Three results support this association of argK with growth cone migration. First, on a uniform substrate, different growth cones of the same neuron often have very different concentrations of argK (Fig. 8 ). These differences might reflect the rate of migration of the growth cone and the amount of force it is generating. Second, when growth cones in vitro contact the surface of another neuron, they often react positively by enlarging filopodia and growth cone branches along the line of contact and eventually by extending over the contacted cell. In multipolar neurons that appeared to be fixed during this response (Fig. 10) , the growth cone engaged in the response sometimes had a much higher level of argK (and never had a lower level). Third, neurons observed with growth cones on two substrates that varied in promoting outgrowth had higher levels of argK in the growth cone on the more favored substrate (Fig. 9 ). These observations suggest that more active growth cones have higher levels of argK. The high level of argK could support multiple growth associated functions, but one of these is likely to be actin/myosin force generation.
An unexpected feature of the analysis of argK in early embryogenesis is the degree to which its expression is restricted and the precision with which its intracellular localization is controlled. Given its association with cell motility in muscle pioneers, CNS glia, and CNS neurons, a surprising omission in the expression pattern is afferent neurons. One possible explanation would be a second argK gene. This seems unlikely, because only single bands are seen in Northerns, Westerns, and native gels (Fig. 2 ) and because only a single (highly homologous) gene is present in Drosophila (James and Collier, 1988; Munneke and Collier, 1988) . A more plausible alternative is that a different phosphate source, such as adenylate kinase (Savabi, 1994; Dzeja et al., 1996) , is involved in ATP generation in afferent neurons.
The concentration of argK , as revealed by antibody labeling, varies in different subcellular regions of glia and neurons. An interesting issue is how this is regulated. CK can be diffusible, or it can be tethered to membrane or to nonsoluble proteins (Wallimann et al., 1977; Lang et al., 1980; Quest et al., 1992) . In neuronal growth cones and in leading lamellae of glia, the lack of barriers blocking diff usion out of the actin domain and the absence of separated plasma membrane domains favor argK tethering to actin, myosin, or an actin-associated protein. Another option is regulated local synthesis of argK . CK mRNAs can be localized differentially (Wilson et al., 1995) , and in the grasshopper C NS in situ, argK mRNA also is localized differentially in axons and in neuropil (Fig. 5B) . Whichever control options are in effect, the striking differences in concentration of argK among growth cones and even among filopodia raise the issue of whether regulation of this enzyme is one target of signaling cascades that determine the direction of neuron outgrowth.
